Introduction
Metallacyclopropenes have various synthetic and catalytic applications, 1-3 e.g., metallacyclopropenes of group 4 metallocenes have been employed for the preparation of complex organic molecules or heterocyclic main group element compounds. [1] [2] [3] Therefore group 4 metallacyclopropenes bearing the Cp′ 2 M fragment (where Cp′ = substituted or unsubstituted η 5 -cyclopentadienyl) represent synthetically useful synthons liberating the coordinated alkyne under mild conditions and transferring the Cp′ 2 M(II) fragment when reacted with unsaturated substrates. 1, 2 While group 4 chemistry is now well established, the corresponding actinide and lanthanide metallacycles have been neglected. 1g,4 This is remarkable considering the recent advances in actinide mediated small molecule activation, 1g,5 in which the influence of 6d and 5f orbitals on the reactivity of these species has been evaluated. 6 In the course of our investigations, we have recently reported on stable actinide metallacyclopropenes [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 Th(η 2 -C 2 Ph 2 ) 7a and (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 (SiMe 3 ) 2 ] (1). 8 Interestingly, whereas the alkyne in the thorium metallacyclopropene [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 Th(η 2 -C 2 Ph 2 ) is strongly coordinated and reacts as a nucleophile towards hetero-unsaturated molecules or as a strong base inducing intermolecular C-H bond activation, 7a,b replacement of the coordinated alkyne occurs when the uranium metallacyclopropene (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 (SiMe 3 ) 2 ] (1) reacts with unsaturated molecules such as alkynes, imines, bipy, carbodiimide, organic azides, and diazene derivatives. 8 Encouraged by these remarkably different reactivities, we have now extended the substrate scope, and report herein on its reaction with pyridine derivatives, imines, (un)symmetrically substituted internal alkynes, conjugated alkenes, quinones, ketones and nitriles. These studies are also compared to those with related thorium metallacyclopropenes. 9 (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 (SiMe 3 ) 2 ](L) (L = Py (2), DMAP (3)) are formed in quantitative yields (Scheme 1). The molecular structures of 2 and 3 are shown in Fig. 1 and 2 , and the selected bond distances and angles are listed in Table 1 . In the U[η 2 -C 2 (SiMe 3 ) 2 ] fragment, the average U-C distances are 2.357(8) Å and 2.385(6) Å for 2 and 3, respectively, and the C-U-C angles are 33.0(3)°and 33.8(2)°for 2 and 3, respectively. These structural parameters are comparable to those found in the basefree complex 1 with an average U-C distance of 2.333(9) Å and the C-U-C angle of 33.3(3)°. 8 The relatively long U-N distances of 2.625(8) Å (for 2) and 2.632(6) Å (for 3) are consistent with those of a datively coordinated nitrogen atom, which, however, are longer than that found in [η 2, C) 3 C 5 H 2 ] 2 UO (DMAP) (2.535(4) Å). 10 Nevertheless, deprotonation occurs when complex 1 is exposed to di(naphthalen-1-yl)methanimine (1-C 10 H 7 ) 2 CNH to form the alkenyl iminato (η 5 -C 5 Me 5 ) 2 U [C(SiMe 3 )vCH(SiMe 3 )][NvC(1-C 10 H 7 ) 2 ] (4) (Scheme 2). The molecular structure of 4 is shown in Fig. 3 , and the selected bond distances and angles are listed in Table 1 . The C(21)-C(22) distance of 1.330(14) Å is in the typical range of a CvC bond, whereas the U-C(21) distance of 2.436(9) Å is slightly longer than those in 2 and 3 ( Table 1 ). The short U-N distance of 2.191(8) Å and the angle of U-N-C(29) of 177.8 (6) °suggest some nitrogen π donation to the uranium atom. These structural parameters may be compared to those found in (η 5 -C 5 Me 5 ) 2 U(NCPh 2 ) 2 with the U-N distances of 2.169(6)-2.185 (5) Å and the U-N-C angles of 172.8(6)-176.5(5)°, 8, 11 and those in imidazolin-2-iminato uranium compounds with the U-N distances in the range of 2.118(8)-2.143(4) Å and the U-N-C angles of 169.5(5)-169.8(4)°. 12 However, in contrast to the thorium metallacyclopropenes, 7a,9 the coordinated bis(trimethylsilyl)acetylene in 1 can be exchanged with the internal alkynes. Mixing the uranium metallacyclopropene 1 with internal alkynes PhCuCR (where R = Ph, Me) in toluene at ambient temperature forms the corresponding metallacyclopentadienes (η 5 8 Me (6)) in quantitative conversions (Scheme 3). Our previous DFT computations suggest that one molecule of PhCuCR initially reacts with 1 to displace bis(trimethylsilyl)acetylene and to form the corresponding metallacyclopropenes (η 5 -C 5 Me 5 ) 2 U(η 2 -C 2 Ph(R)), followed by a second insertion of PhCuCR to yield the thermodynamically preferred metallacyclopentadienes (Scheme 3), 8 which is presumably a consequence of the more open coordination sphere in the metallacyclopropene intermediates (η 5 -C 5 Me 5 ) 2 U(η 2 -C 2 Ph(R)). Similar to the formation of thorium metallacyclopentadienes, 7c the C-C bond formation is selective, i.e, the methyl-end of PhCuCMe couples with the phenyl-substituted terminus of a second acetylene, leading to the C s -symmetric U[η 2 -C(Ph)vC(Me)-C(Ph)vC(Me)] fragment. DFT studies confirm that the formation of this C s -symmetric U[η 2 -C(Ph)vC(Me)-C(Ph)vC(Me)] fragment is thermodynamically more favourable (ΔG(298 K) = −17.7 kcal mol −1 )
and also proceeds with the lower activation barrier ΔG ‡ (298 K) = 21.3 kcal mol −1 (Fig. 4 ). This selectivity in the C-C bond formation observed for complex 6 may be rationalized by the Mulliken charges in the free alkyne PhCuCMe, the uranium metallacyclopropene intermediate (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 Ph(Me)] and the transition state TS6 (Fig. 5 ). The more negatively charged end of the internal alkyne coordinates to the electropositive U(IV) atom and therefore electronic effects prevail over steric effects. Moreover, the formation of 6 may also proceed by two different reaction pathways, i.e., via transition state TS6 or TS6c (Fig. 4C ), but the insertion via TS6 (ΔG ‡ (298 K) = 21.3 kcal mol −1 ) is computed to be energetically more favour-Scheme 1 Synthesis of complexes 2 and 3. able than that proceeding via TS6c (ΔG ‡ (298 K) = 21.9 kcal mol −1 ), which is consistent with the electronic arguments developed above. When phenyl(silyl)acetylene PhCuCSiHMe 2 or PhCuCSiMe 3 is added to compound 1, the metallacyclopentadienes (η 5 -C 5 Me 5 ) 2 U[η 2 -C(R)vC(Ph)-C(Ph)v C(R)] (R = SiHMe 2 (7), SiMe 3 (8)) are isolated exclusively, but the selectivity in the C-C bond formation changes (Scheme 3), that is, the phenyl-substituted terminus of PhCuCR couples with the phenyl-substituted one of a second acetylene to give a C 2v -symmetric U[η 2 -C(R)vC(Ph)-C(Ph)vC(R)] moiety. Our DFT investigations also reproduce this change in selectivity. The C 2v -symmetric isomer (η 5 -C 5 Me 5 ) 2 U[η 2 -C(SiHMe 2 )vC(Ph)-C(Ph)vC(SiHMe 2 )] is energetically more favorable (7; ΔG(298 K) = −11.8 kcal mol −1 ) than the C 2v -symmetric (P7a; ΔG(298 K) = −2.8 kcal mol −1 ) and C s -symmetric isomers (P7b; ΔG(298 K) = −9.2 kcal mol −1 ), and it also forms with the lowest barrier of activation ΔG ‡ (298 K) = 21.8 kcal mol −1 (Fig. 6 ). As discussed above, the selectivity of the C-C bond formation to give complex 7 can also be explained by the Mulliken charges computed for the free alkyne PhCuCSiHMe 2 , the intermediate (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 Ph (SiHMe 2 )] and the transition state TS7 (Fig. 5 ). However, in Table 1 Selected distances (Å) and angles (°) for compounds 2-4, 6-8 and 11-14 a Compound (9) 2.754(9) to 2.830 (9) 2.520 (9) (3) 7 2.752 (11) 2.734(10) to 2.777 (11) 2.476 (10) C21: 2.400 (11), C24: 2.382 (11) 137.0(4) 79.7 (4) 8 2.764 (7) 2.755(7) to 2.780 (7) 2.497 (7) C14: 2.370 (8), C14A: 2.370 (8) 136.9 (3) 85.6 (3) 11 2.766 (10) 2.715(10) to 2.827 (10) 2.495 (10) N1: 2.447 (10), N2: 2.364 (11) 131.8 (4) N1-U-N2: 54.5(4) N3: 2.270 (11) N1-U-N3: 120.2 (5) N2-U-N3: 67.8 (4) 12 2.714 (8) 2.684 (8) (2) 73.1 (2) 13 2.750 (11) 2.655(11) to 2.805 (10) 2.476 (10) O1: 2.130 (6), O2A: 2.127 (6) 133.3 (2) 98.3 (2) 14 2.810 (14) 2.734 (14) contrast to the uranium metallacyclopentadiene 5, 8 no thermal degradation is observed for complexes 6-8, in line with the previous observations establishing that the substituents on the acetylene significantly influenced the reactivity of the actinide metallacyles. 7c The molecular structures of 6-8 are shown in Fig. 7-9 , and the selected bond distances and angles are provided in Table 1 . Furthermore, the U-C distances of 2.365(8)-2.400 (11) Å are comparable to those of the U-C(sp 2 ) σ-bonds found in complexes 1-4 (2.315(9)-2.436(9) Å). The C-C distances within the metallacyclopentadiene fragments are 1.344(10), 1.503(11) and 1.363(11) Å for 6, 1.372 (15), 1.510 (15) and 1.352(15) Å for 7 and 1.374(9), 1.558 (12) and 1.374(9) Å for 8, and therefore are very close to those previously reported for related actinide metallacyclopentadiene compounds, 4,7c e.g., (η 5 -C 5 Me 5 ) 2 U(η 2 -C 4 Ph 4 ) (1.365 (3) The coordinated bis(trimethylsilyl)acetylene in 1 may also be replaced with conjugated alkynes or olefins. For example, reaction of 1 with 1 equiv. of 1,4-diphenylbutadiyne (PhCuCCuCPh) or 1,4-diphenylbutadiene (PhCHvCHCHvCHPh) yields the uranium metallacyclopentatriene (η 5 -C 5 Me 5 ) 2 U(η 4 -C 4 Ph 2 ) (9) (Scheme 3) and the metallacyclopentene (η 5 -C 5 Me 5 ) 2 U[η 2 -CH(Ph)CHvCHCH(Ph)] (10) (Scheme 4), respectively, in quantitative conversions. However, no reaction occurs when 1 is exposed to olefins such as RCHvCHR (R = H, Ph, Me) even when heated at 100°C for one week.
The bis(trimethylsilyl)acetylene moiety in 1 can also be replaced with hetero-unsaturated organic molecules. For example, complex 1 reacts with three equivalents of the nitrile C 6 H 11 CN to yield the C-C and N-C coupling product (η 5 -C 5 Me 5 ) 2 U[η 3 -NvC(C 6 H 11 )C(C 6 H 11 )vNC(C 6 H 11 )vN] (11) (Scheme 5). This contrasts the reaction of the related thorium metallacyclopropene [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 Th(η 2 -C 2 Ph 2 ) with PhCN, 7a,9 for which an insertion product was isolated. In analogy to the reactivity of group 4 metallacyclopropene (η 5 -C 5 Me 5 ) 2 M[η 2 -C 2 (SiMe 3 ) 2 ] (M = Ti, Zr), 2h,l we propose that C 6 H 11 CN initially replaces the bis(trimethylsilyl)acetylene frag- ment to give a metal η 2 -nitrile intermediate, 13 which immediately couples with a second molecule of C 6 H 11 CN to give a fivemembered metallaheterocycle, 2h,l that further reacts with a third molecule of C 6 H 11 CN to afford 11 (Scheme 5). Fig. 10 shows the molecular structure of 11 and the selected bond distances and angles are provided in Table 1 . These structural parameters suggest some degree of electron delocalization with the N(1)-C(21)-N(2)-C(28)-C(35)-N(3) fragment. The U-N distances are 2.447(10) Å for N(1) and 2.364(11) Å for N(2) and 2.270(11) Å for N (3), which are longer than that found in 4 (2.191 (8) Fig. 11 and 12 , and the selected bond distances and angles are listed in Table 1 . The average U-O distance is 2.191(5) Å for 12, which is larger than that found in 13 (2.127(6) Å). Nevertheless, in contrast to the reaction with quinones, but similar to the reactivity of the thorium metallacyclopropene [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 Th(η 2 -C 2 Ph 2 ) towards ketones (for details see the ESI †), insertion of 1 equiv. of cyclohexanone ((CH 2 ) 5 CO) into the uranium metallacyclopropene moiety of 1 is observed at ambient temperature to exclusively yield the five-membered uranium heterocycle (η 5 -C 5 Me 5 ) 2 U[OC(CH 2 ) 5 (C 2 (SiMe 3 ) 2 )] (14) (Scheme 6). The molecular structure of 14 is shown in Fig. 13 , and the selected bond distances and angles are compiled in Table 1 . The U-O distance is 2.062(8) Å, which is comparable to those in 12 and 13 (Table 1) , whereas the U-C(21) distance is 2.512(12) Å, which is significantly longer than those of the U-C(sp 2 ) σ-bonds found in compounds 1-4 (2.315(9)-2.436(9) Å). 
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Conclusions
While the coordinated alkyne in the thorium metallacyclopropenes is inert towards alkyne exchange, it can react as a nucleophile towards hetero-unsaturated molecules or as a strong base inducing inter-or intramolecular C-H bond activations. 7, 9 In contrast, addition of pyridine derivatives to the uranium complex (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 (SiMe 3 ) 2 ] (1) forms the corresponding Lewis-base adducts (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 (SiMe 3 ) 2 ] (L) (L = Py (2), DMAP (3)) without C-H bond activations. The reactivity difference observed for uranium relative to thorium can be rationalized by the more covalent bonds between the (η 5 -C 5 Me 5 ) 2 U 2+ and [η 2 -C 2 (SiMe 3 ) 2 ] 2− fragments and is a consequence of the enhanced 5f orbitals contributing to the bonding in the uranium metallacyclopropene U-(η 2 -CvC) moiety. 8 Furthermore, in contrast to the thorium metallacyclopropenes, 7,9 replacement of the coordinated alkyne occurs when complex 1 is exposed to alkynes, conjugated alkenes, nitriles and quinones. These distinct reactivity patterns are similar to those of the more covalent group 4 metallacyclopropene complexes. 1, 2 Nevertheless, thorium and uranium metallacyclopropenes exhibit similar reactivity patterns when exposed to ketones, which are inserted into the actinide metallacyclopropene moieties to yield the five-membered heterocyclic compounds. Further investigations regarding the intrinsic reactivity of actinide metallacyclopropenes and of uranium metallacycles 9 and 10 are currently in progress.
Experimental
General methods
All reactions and product manipulations were carried out under an atmosphere of dry dinitrogen with rigid exclusion of air and moisture using standard Schlenk or cannula techniques, or in a glove box. All organic solvents were freshly distilled from sodium benzophenone ketyl immediately prior to use. (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 (SiMe 3 ) 2 ] (1) was prepared according to literature methods. 8 All other chemicals were purchased from Aldrich Chemical Co. and Beijing Chemical Co. and used as received unless otherwise noted. Infrared spectra were recorded in KBr pellets on an Avatar 360 Fourier transform spectrometer. 1 H and 13 C{ 1 H} NMR spectra were recorded at 25°C on a Bruker AV 400 spectrometer at 400 and 100 MHz, respectively. All chemical shifts are reported in δ units with reference to the residual protons of the deuterated solvents, which served as internal standards, for proton and carbon chemical shifts. Melting points were measured on X-6 melting point apparatus and were uncorrected. Elemental analyses were performed on a Vario EL elemental analyzer.
Syntheses
Preparation of (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 (SiMe 3 ) 2 ](Py) (2) . A toluene (5 mL) solution of pyridine (32 mg, 0.40 mmol) was added to a toluene (10 mL) solution of (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 (SiMe 3 ) 2 ] (1; 272 mg, 0.40 mmol) with stirring at room temperature. After this solution was stirred at room temperature for one hour, the solvent was evaporated. The residue was dried in a vacuum at 50°C overnight to give 2 as a brown solid in quantitative yield (Found: C, 52.30; H, 7.02; N, 1.86. C 33 H 53 NSi 2 U requires C, 52.29; H, 7.05; N, 1.85% (s) . Brown crystals of 2 suitable for X-ray structure analysis were grown from an n-hexane solution at room temperature.
Preparation of (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 (SiMe 3 ) 2 ](DMAP) (3) . This compound was prepared as a brown solid in quantitative yield from the reaction of (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 (SiMe 3 ) 2 ] (1; 272 mg, 0.40 mmol) and DMAP (49 mg, 0.40 mmol) in toluene (15 mL) at room temperature and dried in a vacuum at 50°C by a similar procedure to that in the synthesis of 2 (Found: C, 52.46; H, 7.32; N, 3.48. C 35 H 58 N 2 Si 2 U requires C, 52.48; H, 7.30; N, 3.50% (s) . Brown crystals of 3 suitable for X-ray structure analysis were grown from an n-hexane solution at room temperature.
Preparation of (η 5 -C 5 Me 5 ) 2 U[C(SiMe 3 )vCH(SiMe 3 )][NvC(1-C 10 H 7 ) 2 ] (4). Method A. A toluene (5 mL) solution of (1-C 10 H 7 ) 2 CNH (113 mg, 0.4 mmol) was added to a toluene (10 mL) solution of (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 (SiMe 3 ) 2 ] (1; 272 mg, 0.40 mmol) with stirring at room temperature. After the solution was stirred at room temperature overnight, the solvent was removed. The residue was extracted with benzene (10 mL × 3) and filtered. The volume of the filtrate was reduced to 5 mL, and brown crystals of 4 were isolated when this solution was kept at room temperature for one week. Yield: 338 mg (88%) (Found: C, 61.26; H, 6.60, N, 1.47 (1; 14 mg, 0.02 mmol) and C 6 D 6 (0.2 mL). Resonances of 4 were observed by 1 H NMR spectroscopy (100% conversion). Preparation of (η 5 -C 5 Me 5 ) 2 U[η 2 -C(Ph)vC(Me)C(Ph)v C(Me)]·0.5C 6 H 6 (6·0.5C 6 H 6 ). Method A. This compound was prepared as brown crystals from the reaction of (η 5 -C 5 Me 5 ) 2 U [η 2 -C 2 (SiMe 3 ) 2 ] (1; 272 mg, 0.40 mmol) and PhCuCMe (93 mg, 0.8 mmol) in toluene (15 mL) at room temperature and recrystallized from a benzene solution by a similar procedure as that in the synthesis of 4. Yield: 234 mg (75%) (Found: C, 63.13; H, 6.32. C 41 H 49 U requires C, 63.15; H, 6.33%). M.p.: 103-105°C (dec.). 1 Reaction of (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 (SiMe 3 ) 2 ] (1) with PhCuCMe. NMR Scale. A C 6 D 6 (0.2 mL) solution of PhCuCMe (2.3 mg, 0.02 mmol) was slowly added to a J. Young NMR tube charged with (η 5 -C 5 Me 5 ) 2 U[η 2 -C 2 (SiMe 3 ) 2 ] (1; 14 mg, 0.02 mmol) and C 6 D 6 (0.3 mL). Resonances of 6 along with those of unreacted 1 and Me 3 SiCuCSiMe 3 were observed by 1 H NMR spectroscopy (50% conversion based on 1).
